The paper reports an experimental investigation of a newly proposed solar collector that 9 integrates a closed-end pulsating heat pipe (PHP) and a compound parabolic concentrator (CPC).
explaining the working principle of PHPs. Heat flux has a significant effect on the thermal 52 performance of PHP [9] . There are three working states of PHP, start-up, steady state and dry-out as 53 the heat input increases. There exists a threshold heat flux at which PHPs start to operate. The 54 thermal resistance of the PHPs decreases as the heat flux increases at steady state [10] . The 55 operational regimes, including the start-up and dry-out under different heat inputs, were discussed 56 in detail [11] . Kim and Lee [12] experimentally investigated the effect of channel geometry on the 57 operating limit of microchannel pulsating heat pipes. The results showed that the square 58 microchannel PHP can offer approximately 70% higher maximum allowable heat flux than the 59 circular microchannel PHP at the same hydraulic diameter. Asymmetric channels decreased the 60 thermal resistance of PHP under certain heat inputs [13] .
61
Over the last decades, an increasing attention has been paid to the applications of PHPs, 62 especially in the field of space, electronic cooling, heat recovery and solar thermal applications. A 63 PHP air-preheater was designed and tested in a dryer and played a role of energy recovery and 64 dehumidification [14] . PHP was also applied in a wire-on-tube heat exchanger as an extended 65 surface and the heat transfer rate of the heat exchanger increased under different conditions [15, 16] .
66
An unlooped PHP has been developed and tested in an electronic thermal management field with 67 hybrid vehicle applications and the PHP functioned with high reliability and reproducibility and 68 without any failure during the start-up or working stage [17] . A simplified theoretical model of PHP 69 employed as the condenser in a vapor compression refrigeration system has been developed. The 70 performance of the system was improved [18] . PHP had also been used as heat sink of a high power 71 LED street light [19] and defrosting plate [20] .
72
In the field of solar energy collection, the use of PHP as the heat receiver has presented an 73 efficient performance that is comparable to that of the traditional heat pipe receiver. PHPs possess The diameter of PHP is usually not more than 4mm that is much smaller than the traditional heat 104 pipe absorber. When PHP is used as absorber, the size of CPC can be the same as that of the plate 105 solar collector. This makes it easy to combine the new collector to buildings.
106
In this work, the detailed design of the collector is presented. The operating characteristics and 107 thermal performance of the collector are tested under different weather conditions, and the features 108 of the collector are also discussed. water N * The thickness of the tube was not given and is taken to be 0.5 mm here. 
(1)
The parabola line is defined by Eq. (2) as 
 is the angle between the incident ray and the X-axis. A  is the aperture angle of the CPC given by Eq. (4)
The concentration ratio (CR) is defined by Eq. (5) as
152
where D is the aperture width and d is the outer diameter of the PHP absorber. The average heat flux 153 of evaporation section of the PHP absorber can be calculated by Eq. (6)
155
where I is the solar irradiation intensity measured using a pyranometer.
156
Two key aspects are considered in the design of the CPC. One is to ensure the existence of to the PHP solar collector is thus reasonable and necessary.
167
Once the CPC size was finally determined, the model line was drawn using Eqs. (1) to (5) in
168
Malab and then exported into Solidworks to build a 3D model. To attach a reflective sheet with 169 0.1 mm thickness onto the inner surface of the CPC, the inner surface was cut off by 0.1 mm depth.
170
A fastener was designed to fix the pipe of the PHP. The CPC was manufactured using a 171 three-dimensional printer with an accuracy of 0.02 mm. The limitation of the three-dimensional 172 printer in terms of size required the utilization of CPC units to assemble the entire CPC (see Fig. 2 ). 
222
The thermal resistance of the PHP absorber is determined by
224
The instantaneous quantity of heat transferred to water can be calculated by the flow rate, 225 specific heat and temperature rise between the outlet and inlet of water.
The instantaneous heat collecting efficiency of the solar collector is defined as the ratio of the 228 heat absorbed by water to the total solar irradiation reached to the solar collector.
230
where A is the area of the CPC array. 
Uncertainty analysis 233
The maximum uncertainty of temperature is estimated to be ±1.1 K depending on the accuracy variables. A summary of the maximum uncertainties of the main parameters are given in Table 2 . 
241

Thermal efficiency of the solar collector
344
The the performance of the solar collector at the steady working stage is shown in Fig. 8 The main factors that influence the thermal performance of the collector include solar intensity, the heat loss to the surrounding air was decreased by reducing the hot surface area of the collector.
402
From the perspective of the collector of CPC, PHP is a good choice for its small endothermic radius.
403
In the present work, the total thickness of the collector is less than 50 mm with the CPC at a 
408
The design of the proposed solar collector still has a drawback of short steady working hours.
409
The CPC aperture angle causes the late startup and the early shutdown. Fortunately, gravity has conditions. The following conclusions can be drawn.
419
1) The collector apparently shows start-up, operational and shutdown stages at the starting and 420 ending temperatures of 75 °C. The solar collector can stably operate even in cloudy days.
421
2) The thermal resistance of the PHP absorber decreases with the increase in ambient temperature, 422 solar intensity, and evaporation temperature which is found to be the main factor that affects the 
